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ABSTRACT
We use historical and climatological data sets to investigate the seasonal northward prop-
agation of Antarctic Intermediate Waters (AAIW) along the eastern margin of the North
Atlantic subtropical gyre. A cluster analysis for data north of 26◦N shows the presence
of a substantial number of hydrographic stations with AAIW characteristics that stretch
northeast along the African slope. This water mass extends north during fall, as shown
both through the comparison of actual and climatological data and by applying a mixing
analysis to normal-to-shore seasonal sections at both 28.5 and 32◦N. The mixing analysis
is further used with several fall cruises between 32 and 36◦N, and shows that at these
latitudes the core of AAIW propagates along the 27.5 isoneutral with contributions that
reach as much as 50% at 32.5◦N. We use an idealized Sverdrup-type model, in combina-
tion with climatological hydrographic and wind data, to examine what forces this eastern
boundary propagation. We find that column stretching, initiated in the tropical North
Atlantic, is the dominant term in the vorticity balance of the AAIW stratum, capable
of sustaining a winter-spring-summer northward transport of about 3 - 4 Sv that reaches
as far north as the Canary Archipelago (28◦N). In fall this transport may continue be-
yond 28◦N, sustained by a near-slope meridional stretching of this water stratum. AAIW
probably fades away in the northeastern region as the result of several processes, specially
enhanced double diffusion with surrounding waters and interaction with Mediterranean
water lenses.
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1. Introduction
The large-scale horizontal distributions of salinity, oxygen and silica indicate that
most Antarctic Intermediate Waters (AAIW) reach the eastern North Atlantic through
the western boundary current system and its eastward extension by the Azores and North
Atlantic Currents (Wu¨st 1935; Broecker and Takahashi 1981; Kawase and Sarmiento 1985;
Tsuchiya 1989; Tsuchiya et al. 1992; Reid 1994; Lozier et al. 1995; Fratantoni et al. 2000).
In these maps AAIW appears as a wedge of low salinity and high silica values originating
at the Straits of Florida and stretching northeast in the 600 to 1100 m water-depth range
(σθ range between 27.3 and 27.6), its depth (density) decreasing (increasing) with latitude.
Some of these same maps also suggest a narrow northward penetration along the eastern
margin, as the constant property lines stretch northeast along the African coastline, but
they are produced with rather low spatial resolution data that does not permit to identify
the spreading path (Kawase and Sarmiento 1985; Reid 1994; Lozier et al. 1995).
More detailed regional studies off Northwest Africa have detected the presence of
AAIW as far north as 20 - 25◦N (Zenk et al. 1991; Tsuchiya et al. 1992; Stramma and
Schott 1999; Fratantoni and Richardson 1999; Pe´rez et al. 2001; Stramma et al. 2005).
Mittelstaedt (1983) early described the existence of a deep (centered at about 800 m)
poleward slope current and proposed that AAIW reaches as far north as the Canary
Archipelago (28◦N), and Arhan et al. (1994) actually found AAIW off Cape Ghir (31◦N).
Knoll et al. (2002) examined about two years of current meter data in the channel between
the eastern Canary Islands and the African coast. They found a well-defined northward
flow of AAIW at about 28.5◦N, with a mean velocity of 2.3±0.3 cm s−1, which intensified
in fall. Mach´ın et al. (2006) used four seasonal cruises to examine the distribution of water
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masses and the mass and nutrient fluxes north of the Canary Islands, in a 600 km band
adjacent to the African coast. They observed the presence of low-salinity and high-silica
waters near the African slope, centered at depths of 800 m (σθ ∼= 27.4), all year long at
about 28.5◦N and during fall also at 32◦N (north of Cape Ghir). These distributions were
consistent with the presence of intermediate northward slope currents during fall, at both
latitudes.
Regional modelling efforts have provided complementary, but sometimes contradic-
tory, information. Paillet and Mercier (1997) used an inverse model for the eastern North
Atlantic with 2500 m as a reference level and found no AAIW along the eastern boundary.
Fratantoni et al. (2000) modelled the water pathways for the tropical Atlantic and found
that intermediate waters continue north only along the western boundary. Other authors,
however, have indeed found a clear signal of northward flow off the eastern boundary slope
at intermediate depths. Batteen et al. (2000) used a regional model with flat bottom and
climatological seasonal winds for the region between Cape Ghir and the Iberia Peninsula
and as far as 17◦W. They obtained a ubiquitous deep poleward undercurrent at several
latitudes between Cape Ghir and the Iberian Peninsula, typically located between 1000
and 1400 m depths and some 50 km from the shelf break. Batteen et al. (2007) used a sim-
ilar domain to model the currents between March and September 1996 using daily winds
and realistic bathymetry. They again found the deep undercurrent at similar depths and
distances offshore but now accompanied by a shallow (top 300 m) poleward undercurrent
further nearshore. Johnson and Stevens (2000) ran a model for a similar region, but ex-
tending south of the Canary Islands and as far as 35◦W, forced by monthly-mean winds.
They show some snap distributions of current fields that display northward flow in the
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passages between the Canary Islands at intermediate depths, and low salinity values at
these same depths at 32◦N. Elmoussaoui et al. (2005) used a much larger domain covering
all the tropical and part of the subtropical ocean, as far as 60◦W and 40◦N, forced by
seasonal climatology and heat fluxes. These authors present some results that illustrate
a preferential summer propagation of AAIW (as compared with winter) along 25◦W and
as far north as 28◦N, that appears to be associated to the presence of a deep poleward
undercurrent.
The sparse observations and the above model results illustrate how little we know of
the dynamics of this complex poleward system of eastern currents. What appears clear
is that North Atlantic Central Waters (NACW) are characterized by the equatorward
flowing Canary Current, which becomes intensified in the upwelling region (Pelegr´ı et al.
2005a), and that these waters also display a poleward undercurrent which flows adjacent
to the slope, typically centered at 200 or 300 m but occasionally surfacing (Barton 1989).
This poleward undercurrent may have meridional continuity from the tropical region to
the Iberian Peninsula, possibly carrying South Atlantic Central Waters (SACW) (Pelegr´ı
et al. 2006). Further deep and offshore, typically centered at some 1000 m and 100
km off the slope, we find the deep poleward undercurrent, with its load of low-salinity
AAIW waters. These two poleward undercurrents usually appear clearly separated in two
different cores, although in some instances they may barely join to give the impression of
a large and coherent region of poleward flow.
When the two poleward undercurrents reach the Canary Archipelago the situation gets
even more complex, as they encounter the southward-flowing NACW that is intensified
by the Archipelago channelling effect. During most of the year NACW progresses south
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through the eastern channels but from late summer to early winter the main southward
flow is displaced west (Herna´ndez-Guerra et al. 2001, 2003; Navarro-Pe´rez and Barton
2001). This is likely the consequence of the southward-flow intensification, as a result of
the strong summer winds: the Canary Current becomes unstable near Cape Ghir and
moves several hundred kilometers offshore producing a large cyclonic loop that embraces
the Canary Archipelago (Pelegr´ı et al. 2005a,b). This makes the near-surface poleward
undercurrent to actually surface and flow north along the eastern Canary Archipelago
channels (Herna´ndez-Guerra et al. 2001, 2003). One would expect the deep poleward
undercurrent to not be affected by this flow inversion but we will see that this water mass
also experiences its maximum northward propagation during fall. The connection occurs
as the fall cyclonic loop south of the Canary Islands raises the upper-thermocline layers,
which stretches the AAIW column and bolsters the northward flow of this water mass.
Figure 1 has been produced using data from the World Ocean Database 2001 (see
next Section). It shows the salinity, neutral density and dissolved oxygen distributions
for a meridional section along a hypothetic track for AAIW, along 19◦W until 20◦N and
then NE approximately parallel to the coast, from the equatorial region to near the Strait
of Gibraltar. The isohalines in the top panel illustrate the presence of low-salinity and
low-oxygen AAIW, which stretches north initially centered at about the 27.4 neutral
density surface but increasing in density with latitude until it levels at about 27.55 near
25◦N. Nevertheless, oxygen is minimum at the SACW neutral levels south of Cape Verde
(roughly at 16◦N), as a result of the long times these waters spend within Pedlosky (1983)’s
shadow zone. The lower panel displays the shape of the isoneutrals, with a local maximum
in the depth of central waters (down to 27.2) occurring near 22◦N. The isoneutrals that
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would define the AAIW, however, only rise north of the Canary Islands (beyond 30◦N).
In this paper we examine several data sets for the area (Section 2). We first make an
analysis of historical sections for the whole Canary Basin and cluster them in groups that
characterize AAIW, Mediterranean Water (MW) and NACW (Section 3). In Section 4
we use climatological data plus four cruises at both 28.5 and 32◦N to explore the seasonal
meridional penetration of AAIW as far north as Cape Ghir (31◦N). This confirms that
maximum northward spreading occurs in fall, so we move to examine four fall and one
winter hydrographic cruises carried out along the African slope, in the region between
the Canary Islands and the Strait of Gibraltar, to explore the path and extension of fall’s
AAIW spreading north of 32◦N (Section 5). In Section 6 we present an idealized model
which, used in conjunction with climatological data, suggests that meridional spreading
results from a seasonal evolution of the thickness of the AAIW layer in the eastern bound-
ary, as stretching of this layer progresses north from tropical to subtropical waters. In
Section 7 we briefly consider what may be the outcome of the northward propagating
AAIW, and sum up with the conclusions in Section 8.
2. Data Set
To investigate the spreading of AAIW along the eastern North Atlantic we use four
different datasets. First, in order to describe the distribution of hydrographic properties
(Sections 1, 6 and 7) we use both an ocean climatology, the World Ocean Atlas 2001
(WOA01), and two oceanographic data bases, the World Ocean Database 2001 (WOD01)
and Hydrobase-2. In Section 6 we also use the climatological wind stress as obtained
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from the Southampton Oceanographic Center (SOC) data base. The WOA01 and SOC
climatologies have 1◦ latitude by 1◦ longitude horizontal resolution, with hydrographic
data given at standard oceanographic depths.
Second, we searched through the ocean data bases for data in the area that goes from
26◦N to 38◦N and from the African and Iberian Peninsula coast to 29◦W. Most of these
data have been obtained from the Hydrobase-2 and Canigo (Parrilla et al. 2002a,b) data
bases, complemented with hydrographic cruises carried on in the area by the Institut fu¨r
Meereskunde at Kiel and the Universidad de Las Palmas de Gran Canaria (R/V Ignat
Pauvlynchenkov 1991; BIO Hesperides 1993, 1995, and summer 1997; R/V Poseidon
cruise P202). In Section 3 we use the whole data set to perform a cluster analysis to
characterize the region of eastern AAIW propagation.
A third dataset is the easternmost portion (from approximately 14◦W to the African
shelf) of four normal-to-shore cruises carried out at 28.5◦N and 32◦N, one per season. In
Section 4 we use these data to investigate AAIW’s seasonality in the region and conclude
that maximum AAIW northward penetration occurs in fall.
In Section 5 we use the fourth data set, which consists of five cruises (four during fall
and one in winter) carried out near the African coast in the northern region, between
the Strait of Gibraltar and the Canary Islands (Table 1, Figure 2). Cruises A16B, A16C,
and A16D are World Ocean Circulation Experiment (WOCE) repeat Atlantic sections
that have been obtained from the WOCE Global Data Resource service. During the
A16B cruise, carried out in fall 1991 (hereafter F91), five radial lines occupied the coastal
transition zone between 32◦N and the Gulf of Ca´diz. The A16D cruise was done in
fall 1992 (hereafter F92) and had four radial lines at similar locations to F91. Cruise
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A16C, carried out during winter 1991-1992 (hereafter W92), was quite different, with a
section parallel to the African coast approximately along the 2000 m isobath. In these
three cruises all CTD casts reached down to at least 2000 m depths. The remaining
two cruises were done during fall 1995 and 1997 (hereafter F95 and F97, respectively) by
the Universidad de Las Palmas de Gran Canaria (Pelegr´ı et al. 2005b). They consist of
sections running along the continental slope, as in W92, though CTD casts reached down
to only 1000 m.
Finally, in Section 7 we use data from a mooring deployed as part of the European
Station for Time Series in the Ocean Canary Islands (ESTOC). Velocity, temperature,
and salinity time series were monitored at ESTOC (Figure 2) from September 1994 to
September 1997 (www.pangea.de). The current meters’ temperature and salinity data
were recalibrated with CTD data taken during each mooring deployment cruise. Current
meter data were low-pass filtered with a cut-off period of 40 hours to eliminate tidal and
inertial signatures from the time series.
3. AAIW path off NW Africa
Our first task has been to investigate where AAIW is most commonly found, with the
idea that this will tell us its propagation path. With this purpose we have done a simple
analysis that defines some reference temperature T and salinity S values for the upper
and intermediate water masses within certain depth range, and have grouped stations in
a predetermined number of clusters according to their proximity to these reference values.
The temperature and salinity reference values (Tr,Sr) in the 500 to 760 m depth range
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are (13.00, 35.80) for NACW, (8.30, 35.23) for AAIW, and (11.70, 36.00) for MW. Those
are slightly different than AAIW and MW reference values at their respective cores since
we are here working at shallower depths, but deep enough to distinguish those waters
influenced by AAIW or MW. We define a weighted distance to the reference points in the
T-S space as follows
d[(T, S), (Tr, Sr)] =
[
(T − Tr)
2 + φ(S − Sr)
2
]1/2
(1)
where φ is a factor used to give equivalent weights to temperature and salinity differences.
This factor is chosen to be φ = 6, simply calculated as the fraction of the temperature and
salinity ranges for the data in the 500 to 760 m depth range. Specifically, temperature
ranges from 8 to 14◦C, while salinity does from 35.3 to 36.3, so salinity needs to be
multiplied by a factor of six to have the same weight as temperature when evaluating a
distance in the temperature-salinity domain.
We use equation (1) to compute the (weighted) distance d for all (T ,S) points in the
500 to 760 m depth range. The total distance D between one profile and each water
mass reference value is then simply calculated as a normalized summation of all these
distances. In this manner for each profile we have three different total distances (DNACW ,
DAAIW and DMW ), and the station belongs to the cluster with the smallest D. The top
panels of Figure 3 show the T-S diagrams for all data points corresponding to these three
clusters. We may see that MW/AAIW clusters display characteristic high/low salinity
and temperature waters, while the NACW cluster corresponds to points of intermediate
temperature and salinity values.
The bottom panels of Figure 3 display the location of the corresponding stations for
each cluster. We may see that the MW stations stretch west of Gibraltar and north along
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the coast of the Iberian Peninsula, in agreement with the propagation patterns discussed
by Iorga and Lozier (1999). The AAIW stations, on the other hand, remain exclusively
along the African coast, decreasing in number with latitude. As far north as Cape Ghir
(31◦N) we find AAIW to dominate but further north it is rapidly replaced by NACW
and MW. Finally, the distribution of the NACW stations shows that this is the dominant
water mass at the analyzed depth range, as they are found rather evenly distributed
throughout the region.
4. Seasonal penetration up to Cape Ghir
Once we have established that the path for AAIW is along the African slope we wish to
determine whether its northward penetration is enhanced during some particular season.
The dominance of the AAIW cluster as far north as Cape Ghir suggests that its signal
may also appear in the climatological seasonal data. Therefore, we have first examined the
WOA01 seasonal distributions of salinity and dissolved oxygen on two isoneutral surfaces,
27.0 and 27.5 (Figures 4 and 5), which respectively characterize the central and interme-
diate water strata. These data has low spatial resolution (1◦ latitude by 1◦ longitude),
which causes very poor coverage of the slope region, but still provides some interesting
information. The 27.0 distributions (Figure 4) display substantial meridional gradients
in salinity, with maximum changes near the Cape Verde frontal zone (roughly stretching
along the NE-SW axis between Cape Blanc and the Cape Verde Islands), that are char-
acteristic of the transition from SACW to NACW. South of this front the isohalines are
nearly zonal but north of the front they tilt, roughly parallel to it, being indicative of
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their northern and southern origins. An isolated oxygen minimum clearly appears south
of this frontal zone but reaches south only until about 5◦N, which is suggestive of the long
residence times in the shadow zone of the North Atlantic thermocline circulation. The
maximum northward penetration of this oxygen minimum appears to take place in fall, in
agreement with observations of flow reversals in the eastern Canary Islands and probably
associated to the intensification of the shallow poleward undercurrent (Herna´ndez-Guerra
et al. 2001, 2003; Navarro-Pe´rez and Barton 2001).
The 27.5 distributions (Figure 5) also show meridional gradients in salinity but, as
expected for intermediate water, there is no intensification associated to the Cape Verde
frontal zone. The isohalines do not change greatly between seasons but there is some
along-slope northward progression of low-salinity waters between spring and summer. The
oxygen distribution also exhibits an eastern-boundary smooth minimum, roughly between
10◦N and 22◦N. The southern limit of this region is an artifact caused by AAIW being
less dense in the equatorial region (Figure 1), but the northern penetration of AAIW may
indeed be related to these salinity and oxygen distributions. During spring and summer
both isohalines and iso-oxygen lines do stretch northeast along the slope, suggesting, as
in central waters, a northward flow in this water stratum. The northward propagation
of the S<35.4 isoline may be observed to occur from spring, when it reaches the Canary
Islands, to summer and fall, when this isoline extends well beyond the Canary Islands
along the slope. A striking feature is the intensification of the oxygen minima at about
16◦N in spring and, more weakly, in summer and fall at about 19◦N. We will see later
that these minima are probably related to the seasonal shallowing of this isoneutral.
We follow a simple procedure to appreciate the significance of the fall propagation.
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The annual-mean climatological data for the area from 10 to 12◦W and from 31 to 33◦N is
used to define a T-S domain that characterizes the mean conditions (Figure 6). This is the
domain encompassed by the 27.4 and 27.6 isoneutrals and by the curves corresponding
to three standard deviations beyond the mean T-S curve. On top of this diagram we
have plotted all data points from our fall cruises that belong to this geographical region.
We find that most of these data points (59%) have low salinities that fall out of the
mean-condition T-S domain.
To further examine the AAIW seasonal penetration we have also reanalyzed the eastern
portion of four seasonal normal-to-shore cruises at 28.5◦N and 32◦N, discussed by Mach´ın
et al. (2006) (Figure 7). In these sections we carry out a water-mass mixing analysis as
described in e.g. Castro et al. (1998). The method assumes linear mixing between three
water types, with no exchange at the sea surface, to produce the actual temperature and
salinity observations:
x1T1 + x2T2 + x3T3 = T
x1S1 + x2S2 + x3S3 = S (2)
x1 + x2 + x3 = 1
where xi are the fractions of each water type contributing to a given temperature T
and salinity S observation, and Ti and Si are the temperature and salinity values that
characterize each water type. The first two equations represent the temperature and
salinity mixing of the three water types, and the third equation imposes that their joint
contribution equals one.
The linear system (2) determines the contribution from as many as three water types
to a given sample. In order to obtain the contribution from four water types (NACW,
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AAIW, MW, and North Atlantic Deep Water, NADW) we have to introduce a criterion
to separate them in groups of three. A plausible assumption is that NACW and NADW
never contribute to the same observation, so the groups are, in the upper layers, NACW,
AAIW and MW and, in the lower layers, AAIW, MW and NADW. The separation level
between these two groupings is calculated objectively by examining the existing water
types at 0.01 γn intervals. We observed that at 27.6 no NACW was present so we set this
neutral density as the transition level.
The results are presented in Figure 7. In order to best represent the relative con-
tribution of all water types in one same figure, the AAIW contribution is colored for
concentrations above 60%, while the NACW, MW and NADW contributions are con-
toured. NACW and MW isolines are contoured where their contribution is above 50%,
while the NADW isolines are drawn when its contribution is higher than 20%. At 28.5◦N
we find that AAIW dominates all year long in the channel between the Canary Islands
and the African slope, between 600 and 1200 m. Seasonal differences are relatively small,
the maximum AAIW contribution occurring in fall with its core close to the African slope.
At 32◦N the result is very different as AAIW is dominant only in fall, in the 750 to 800 m
depth range and within 150 km of the African slope. During winter a substantial fraction
of AAIW persists but it is found disconnected from the continental slope and in lower
concentrations, while for spring and summer the AAIW contribution decreases.
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5. Fall spreading north of Cape Ghir
As AAIW appears to find its maximum northward spreading during fall we decided
to examine the composition of intermediate waters north of the Canary Islands using
hydrographic cruises carried out during this season. For this purpose we have selected
four fall cruises (F91, F92, F95, and F97, as described in Section 2), and examined the
CTD stations indicated by squared dots in Figure 2 (located within approximately 150 km
offshore). For comparative purposes we have also examined one winter cruise (W92) that
covers a similar area and was carried out only four months after F91 (Table 1).
Figure 8 shows a close up of the T-S diagrams for all these stations. The upper T-S
diagrams correspond to F91 and W92, while the lower ones are for F92, F95 and F97.
For reference, on these diagrams we superimpose the AAIW temperature and salinity
conditions at 28.5◦N and 32◦N as documented by Mach´ın et al. (2006). As the main core
of the AAIW is located at about σθ = 27.5 (Zenk et al. 1991; Fiekas et al. 1992; Tsuchiya
et al. 1992), we contour this isopycnal over the diagrams. During F91 a minimum in
salinity is found on σθ = 27.5 at radials I, II, and III. During F92 the minimum is again
observed at the southern radials I and II, along this same potential-density level. During
W92 the salinity minimum is again visible near this isopycnal in the southern sections.
During F95 and F97 sampling only reached down to 1000 m so the density range in
the corresponding diagrams is reduced. Nevertheless, we note the presence of AAIW,
particularly during F97.
In Figure 9 we have plotted the contribution of all water types, following the same
notation as in Figure 7, in all normal-to-shore transects. NACW dominates in the upper
ocean along the whole dataset, with values from 100% at the sea-surface to 40-50% at
14
500 m. Similarly, NADW is always present below 1300 m (10-20%), and MW is observed
in all radials between 750 and 1500 m depth (in some northern locations contributing
more than 50%). AAIW is the water mass which shows the highest temporal and spatial
variability. It is present in the 500 to 1000 m depth range in sections I, II and III during
the F91 cruise, its core close to the continental slope and contributing up to the 80%
in radials I and II. During F92 we find most AAIW in radials I and II, its maximum
contribution (nearly 70%) being close to the continental slope and centered at 900 m
along radial I.
Figure 10 shows the AAIW distributions as a function of γn and latitude. For the
along-slope sections (F95, F97) we use only those stations located near the 2000 m isobath,
while for those cruises with normal-to-shore sections (W92, F91, F92) we consider those
stations closest to the AAIW core. During F91 a signal of AAIW is observed from 32 to
33.5◦N centered at a γn ≃ 27.5, with high concentrations in the 27.4≤ γn ≤ 27.6 range
but reaching as shallow as γn = 27.25. During this cruise some MW is visible in the two
northernmost stations, at about 34◦N. During F92 we find AAIW in the same density
range as during F91, though a small fraction reaches as far north as 33◦N on γn = 27.3.
For this cruise MW is again present near 34◦N. During W92 there is a substantial amount
of MW between 32 and 34◦N, in the 27.6 ≤ γn ≤ 27.8 range, but AAIW is nearly absent.
Finally, during F95 and F97 we find two situations that resemble those occurring during
F91 and F92. In particular, the F97 distribution again shows that most AAIW propagates
north in the 27.4≤ γn ≤ 27.6 range.
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6. Idealized model
So far we have seen that AAIW shows up north of the Canary Islands (between about
600 and 1100 m) most clearly in fall. In this section we use an idealized model to pursue
the idea that the seasonal propagation AAIW is associated to stretching of this water-mass
stratum initiated remotely, in the eastern tropical ocean. The cyclonic current-system in
the North Atlantic tropical ocean is persistent all year long, but its extension and intensity
changes seasonally as a result of variations in Ekman pumping in the tropical ocean off NW
Africa (Longhurst 1993; Signorini et al. 1999). During winter and spring this pumping
region decreases in size but intensifies, its maximum getting located right at the coast
(Richardson and Walsh 1986; Peterson and Stramma 1991; Siedler et al. 1992; McClain
and Firestone 1993). This causes local stretching, i.e. the isoneutrals that constitute the
top of the AAIW raise several tens of meters towards the sea surface and the thickness of
the intermediate-water stratum increases, inducing its northward propagation to maintain
potential vorticity.
Figure 11 shows the spatial distribution of the temporal changes in depth of the γn =
27.3, which is taken to characterize the upper limit of the AAIW in the tropical region.
These changes are calculated over three-month periods centered on February (winter),
May (spring), August (summer), and November (fall). Negative values (dashed lines)
correspond to shallowing of the interface isoneutral, i.e. to thickening of the AAIW stra-
tum. In this figure we may appreciate a northward progression of the region characterized
by the low salinity and dissolved-oxygen values (Figures 1 and 5): the water thickens in
the tropical Guinea Dome region (6◦N to 15◦N) in winter, in the low-latitude subtropical
band (16◦N to 23◦N) in fall, and in the high-latitude subtropical region (24◦N to 29◦N)
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in summer.
Additionally, there may be both advective stretching-shrinking and dianeutral mixing.
A water column is stretched, for example, when it moves to a place where its thickness
increases. This requires horizontal motions induced through another mechanism, such
as local stretching. Turbulence in the uppermost layers may cause net exchange through
isoneutrals, or dianeutral mixing, in the upper and intermediate layers. The source of this
turbulence may be quite diverse, from barotropic and baroclinic upper-ocean motions to
direct wind stirring, among others.
To examine the origin of the AAIW meridional motions let us consider a Sverdrup-
type model. Conservation of potential vorticity tells us that, in the northern hemisphere,
a stretching column will flow north, the opposite when it shrinks. The model visions
stretching or shrinking AAIW material columns as the result of local-spatial changes in
the depth of its overlying isoneutrals, and dianeutral transfer through these isoneutrals.
Preferential dianeutral transfer (entrainment) into the upper layers will always tend to
stretch the intermediate water columns, but the seasonal oscillation of the upper-ocean
isoneutrals will induce a periodic stretching-shrinking effect of the underlying intermediate
water stratum. For this idealized model (Figure 12) we place the upper limit of AAIW
at γn = 27.3.
The potential vorticity model shares the same dynamics as classical models for the
ventilated thermocline in the subtropical gyre (Luyten et al. 1983) and its extension for
the subtropical cell in the tropical-equatorial region (Pedlosky 1987), but we will use it
in its simplest form to calculate transports rather than trajectories. The main singularity
of the model is its application to an AAIW stratum that does not outcrop. Schmid
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et al. (2000) did use this type of approach to examine the circulation of AAIW in the
South Atlantic, forced through Ekman pumping from the surface mixed-layer, but to our
knowledge this approximation has not yet been applied to study the propagation of an
unventilated intermediate stratum as usually these waters are located quite deep. In the
tropical region, however, the AAIW stratum gets shallow enough to become affected by
processes in the upper-thermocline, particularly by the seasonal vertical displacements of
its upper-bounding isoneutrals.
The vorticity equation is
βv = f
∂w
∂z
(3)
with v and w the meridional and vertical velocity components, respectively, f = 2Ω sin θ
is the Coriolis parameter, and β = df/dy , where θ is the latitude and y is the horizontal
axis directed to the North. Equation (3) may be vertically integrated over any layer, such
as that comprising the AAIW, to give
∫
−h
−H
v dz =
f
β
(
wt −
dh
dt
)
(4)
where z = −h and −H are the depths of the upper and lower isoneutrals comprising the
AAIW, wt is the dianeutral velocity at this upper isoneutral, and we have assumed that
the lower interface is stationary and the dianeutral velocity there is negligible.
The last term in equation (4) contains local and advective terms. For our region and
depths of interest the meridional advective term is much greater than the zonal one, as
u ≈ v and ∂h/∂y >> ∂h/∂x (Kawase and Sarmiento 1985). Hence the material derivative
is written as the sum of the local temporal rate and the meridional advective terms, i.e.
dh/dt = ∂h/∂t+ v ∂h/∂y.
Although we recognize that the upper-ocean turbulence may have many sources it
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appears reasonable to expect that a major contribution should arise as a result of surface
wind forcing. Here we assume that the entrainment velocity wt at the upper bound of
the intermediate water strata is proportional to the Ekman pumping velocity,
wt = α we =
α
ρ
[
∂
∂x
(
∂τys
f
)
−
∂
∂y
(
τxs
f
)]
(5)
where α < 1 is an efficiency coefficient that determines what fraction of the Ekman pump-
ing velocity we produces dianeutral transfer at z = −h, and (τxs, τys) are the horizontal
components of the surface wind stress. Despite the limitations in this approach we expect
it to indicate the potential importance of this term.
Finally, as our horizontal scale is much less than the Earth radius, the meridional
transport per unit length becomes
∫
−h
−H
v dz =
α
βρ
(
∂τys
∂x
−
∂τxs
∂y
)
−
f
β
∂h
∂t
−
f
β
v
∂h
∂y
(6)
The horizontal distribution of each term in the right-hand-side of equation (6) is calcu-
lated using the seasonal hydrographic and surface wind-stress climatologies (WOA01 and
SOC data bases), as explained in Section 2 (Figures 13, 14, and 15). For the first term
we have chosen α = 1, as if all water pumped to the surface Ekman layer originates from
intermediate waters. This is not the case (so that α < 1) but there may be other contribu-
tions to dianeutral mixing indirectly related to wind forcing which could be parameterized
through an increase in α. This is an important limitation to keep in mind, but we will
see below that even with α = 1 the dianeutral mixing term is not the dominant one.
To calculate the distributions of the second (Figure 14) and third terms (Figure 15)
we have considered the temporal and meridional changes of the γn = 27.3 isoneutral. The
second term may be calculated using the seasonal changes in the depth of this isoneutral.
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These changes are calculated for the whole region over three-month periods centered at
February (winter), May (spring), August (summer), and November (fall). Positive values
(solid lines) correspond to shallowing of the interface isoneutral, i.e. to thickening of
the AAIW stratum. To obtain the third term, however, we need the distribution of the
meridional velocity on this isoneutral. We don’t know this value but the 27.3 isoneutral
corresponds to the interface between the southward flowing NACW and the northward
flowing AAIW so we may anticipate it to be very small. Knoll et al. (2002) present velocity
time-series at 720 m, near the depth of this isoneutral, in the channel between the Canary
Islands and the African coast. Even in this location, where the flow should speed up as a
result of the islands’ channelling, these authors found that the mean velocity is 1.0± 0.4
cm s−1. Further, Mach´ın et al. (2006) applied an inverse model north of the Canary
Islands to calculate that the reference velocity at these depths is less than 1 cm s−1.
Hence, we have assumed a spatially-constant northward velocity of 1 cm s−1, simply to
assess the size of this last term.
The size of the three contributions (dianeutral mixing, local temporal-rate, and merid-
ional advection) to the meridional transport of AAIW in the eastern North Atlantic in-
dicates that the most important term is the local temporal-rate. This term is typically
twice as large as the dianeutral mixing term, while the meridional advection term is much
smaller except in the northern portion of the domain. Therefore, we centre our attention
on the local temporal-rate term, by far the dominant one south of Cape Blanc. The spa-
tial patterns of the seasonal stretching/shrinking term (Figure 14) parallels the seasonal
changes in the depth of the 27.3 isoneutral (Figure 10), but weighted with the Coriolis
parameter so that this term decreases substantially at low latitudes.
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We integrate the dominant term in equation (6) over a zonal transect of length Li =
L(y = yi) in order to estimate the total meridional transport of AAIW at the latitude
y = yi. Defining Vi ≡
∫
Li
∫
−h
−H
v dz dx equation (6) becomes
Vi ≃ −
f
β
∫
Li
∂h
∂t
dx. (7)
To estimate northward transport we must choose zonal transects Li in the eastern tropical
North Atlantic that approximately cover the AAIW forcing region. This region goes from
the African coast to some offshore position that has to be specified. Inspired by Figure 13
we select this to be a constant longitude value of 23.5◦W, or a constant isohaline that
delimits AAIW, whichever is found first. For example, when we increase the bounding
isohaline from 35.0 to 35.2 and 35.4 the domain stretches roughly 5◦ in latitude each
time. With the idea of a winter forcing in the tropical region and northward progression
throughout the seasons we have selected this limiting isohaline as 35.0 for winter, 35.2
for spring and 35.4 for summer. For fall we let the integration to continue further north
in a band of 2◦ adjacent to the African coastline. Since at these high latitudes the
meridional advection term is about the same size as the local temporal-rate term, for the
fall integration in equation (7) we have replaced ∂h/∂t by dh/dt.
Figure 16 shows the meridional transports resulting from the zonal integration as
explained above. During each season the maximum transport is between 2 and 4 Sv
to the north. The latitude of this maximum transport actually shifts meridionally with
season, from about 7◦N in winter to 18◦N in spring and 28◦N in summer. These results
suggest that the propagation of AAIW is associated to the seasonal lifting of the upper-
thermocline isoneutrals in the eastern equatorial and tropical Atlantic. An AAIW water
column becomes progressively stretched as it follows north, parallel to the African coast,
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until reaching the Canary Islands about nine months later. This column may yet follow
beyond the Canary Archipelago thanks to the northward shallowing of the 27.3 isoneutral,
which is enhanced in fall. The rate of propagation suggested by Figure 16 (some 11◦ of
latitude in nine months) corresponds to a feasible meridional velocity at the core of the
AAIW of about 5 cm s−1.
7. AAIW’s ending
Figure 16 shows that, during fall, AAIW is transported as far as the Canary Archipelago,
in agreement with our analysis of field data. It also agrees with Knoll et al. (2002) obser-
vations of a fall intensification of the AAIW northward flow through the channel between
the eastern Canary Islands and the African coast. North of the Canary archipelago this
water has to be removed from this region, either flowing west or mixing with the over
and underlying strata. The climatological and hydrographic data do not evidence a mean
westward path, so we have to explore the possibilities that the diluted AAIW is either
diffused with the surrounding strata, mainly with the overlaying NACW, or that it is
intermittently advected away from the eastern boundary region.
The first possibility is that the relative freshness and coolness of AAIW enhances the
salt-finger favourable background situation in the North Atlantic, so that the salt and
temperature anomalies are removed via the large effective dianeutral diffusion associated
to this process (Schmitt et al. 2005). In Figure 17 we have used the cross-shore sections
during F91 and F92 to draw the Turner angle Tu (Ruddick 1983) on top the fraction of
AAIW. Turner angles above 70◦ indicate regions of strong double diffusion. We observe
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that these values take place in the upper portion of the AAIW stratum, in a 200 to 300 m
water column solely constituted by NACW and AAIW.
In Figure 18 we have drawn, as an example, the vertical distribution of several variables
for two stations in section F91-I, where AAIW is clearly dominant at about 800 m depth.
In these figures we again only plot the upper portion of the water-column, where AAIW’s
content (measured as the depth derivative of the AAIW contribution, ∂xAAIW/∂z) de-
creases rapidly. Turner angles above 70◦ are concurrent with maximum vertical gradients
of the AAIW concentration, xAAIW , hence supporting the potential role of this water mass
to enhance dianeutral diffusion.
We may grossly estimate how long it would take for the central waters to dilute out
the intermediate-water signal, simply as t = sh2/K, where h is the vertical thickness that
has to be diluted out, K is the vertical diffusivity, and s is a factor that depends on the
fraction of NACW that replaces AAIW (e.g. Batchelor 1977, p.∼190). Typical vertical
diffusivities for the upper-thermocline of the eastern subtropical gyre have been reported
by Ledwell et al. (1998) to be K ≃ 10−5 m2 s−1 but Schmitt et al. (2005) has found that
double diffusion processes may increase this value to as much as 1 m2 s−1. Setting a 90%
dilution (s = 30) over a layer of the thickness of the intermediate-water stratum, h = 400
m, and using an effective K = 1 m2 s−1, leads to a dilution time as short as two months.
This supports the idea that double diffusion, in contrast to the background diffusion, may
be a significant process to erode away the AAIW anomalies at seasonal time scales.
A second possibility is that AAIW may be expulsed intermittently through its inter-
action with Meddies. Between the Canary Archipelago and the Iberian Peninsula, off
the African slope, we find that MW and AAIW occupy the intermediate-water strata.
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Actually this is a transition region from AAIW to MW (Figure 3) where the two water
masses display some meridional large-scale interleaving, with the former on top the latter
(Figures 1 and 10). This is also a region where Mediterranean water lenses (Meddies) are
commonly found (Armi et al. 1989; Fiekas et al. 1992; Mu¨ller and Siedler 1992; Siedler
et al. 2005; Mach´ın et al. 2006). These highly coherent structures have long life times,
typically over one year, and after moving in the Canary Basin they usually follow west.
Armi et al. (1989), for example, reported a Meddy that moved 1000 km in 2 years, or a
mean speed of 1.6 cm s−1. A plausible hypothesis is that a Meddy travelling through the
region would have plenty of time to trap some of the overlying AAIW water, which would
be taken away as it leaves the zone.
To explore the interaction of Meddies and AAIW we have examined the ESTOC
current-meters located near the AAIW and MW cores (800 and 1200 m, respectively).
Meddies display positive salinity anomalies at depths (1000< z <1500 m, 27.6< γn <27.8)
just under AAIW (600< z <1000 m, 27.2< γn <27.65). The salinity time-series shows
that two Meddies passed by the mooring location on January-February 1995 (M1) and
on December 1995-January 1996 (M2). M2 made contact with the mooring twice within
that period. Salinity at 1200 m during the Meddy occurrences increases to nearly 36.2,
much higher than climatological mean salinity at that depth (Figure 19a). The velocity
at both 800 and 1200 m vary in concert, alternating between periods of northward and
southward flows. The most intense velocities throughout the entire record are associated
with the appearance of the Meddies, and approach 35 cm s−1 at 1200 m, with the 800 m
velocity only slightly less intense during their passage (Figure 19b).
Having identified these Meddies at 1200 m, we look at the corresponding time series
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data at 800 m to investigate the properties of the overlying water column. The salinity at
800 m is generally within 0.045 of the mean climatological salinity at the site (Figure 19a),
except during the passage of the Meddies, when the salinity at 800 m plunges by between
0.08 and 0.14. The only additional anomalous event is the appearance of a thick salty
anomaly in Oct - Nov 1995, concurrent with weak velocities, a feature apparently unrelated
to a Meddy. The decrease in salinity at 800 m during the Meddies’ passage indicates that
the fresh anomaly has approximately the same spatial scale as the Meddy, and suggests
that the water mass at this depth is composed by AAIW. In particular, during M1 the
maximum change in salinity at 800 m arrives before the Meddy core at 1200 m, suggesting
it corresponds to the Meddy edge, where velocities are highest and maximum coupling
between the Meddy and the overlying water is to be expected.
It could be argued that the salinity decrease was related to the deep salinity minimum
in central waters. This would happen if an intense salinity minimum was located below
the 800 m current-meter and the Meddy’s passage caused a large-enough vertical pertur-
bation of the background salinity field. To discard this possibility we have constructed
Figure 19c on which we appreciate that the salinity minimum at the ESTOC location is
found somewhere between 700 and 950 m, in average at 900 m. However, the decrease in
salinity detected at 800 m during the Meddy’s passage (0.08 and 0.14) is greater than the
standard deviation at the depth of the salinity minimum (0.06). Further, to get a change
of 0.08 units in the mean salinity profile we have to go as shallow as 600 m. Hence, it
seems clear that the observed decrease in salinity at 800 m is indeed a real feature, related
to the passage of a different water mass, a diluted AAIW.
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8. Conclusions
We have detected the presence of AAIW along the African slope as far north as 34◦N
during fall 1991, 1992, 1995 and 1997. At these high latitudes AAIW is found to spread
mainly in the 27.4 − 27.6 γn-stratum (roughly 650 to 1000 m depth range), its core
(minimum salinity) located on the 27.5 isoneutral (at about 800 m depth), though some
intermediate water may be found as shallow as γn = 27.3 (at about 500 m). Figure 20
summarizes the spreading of AAIW off Northwest Africa in the 27.4 ≤ γn ≤ 27.5 range.
During the fall cruises, AAIW reaches its northernmost extension, up to 33.5 − 34◦N,
while during the 1992 winter cruise it is nearly undetectable in the domain, coinciding
with a southward intrusion of MW.
A simple model suggests that the northward spreading of AAIW is remotely forced
in the eastern North Atlantic tropical ocean. In this region winter Ekman pumping
becomes very intense and localized near the African coast. This raises the upper-ocean
isoneutrals and causes the AAIW water stratum to stretch. Conservation of potential
vorticity implies that the intermediate stratum has to progress north along the eastern
boundary during the subsequent months, so that it reaches the Canary Archipelago by
late summer. This seasonal progression is coherent with observations of a meridional
displacement of the maximum northward transport, of about 3 - 4 Sv, associated to the
stretching term. Beyond the Canary Archipelago column stretching appears to be related
to the northward shallowing of the isoneutral overlying the AAIW stratum. During fall
such shallowing may be reinforced by the central waters drawing a cyclonic gyre that
encompases the whole Canary Archipelago.
The rapid disappearance of AAIW north of the Canary Archipelago, observed to
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occur between September 1991 and January 1992, could partly result from a retreat of
this water mass but may also be associated to the enhancement of double-diffusion as a
result of the intrusion of the relatively fresh intermediate water. This is supported by the
coincidence of maximum Turner angles and the vertical gradient of the AAIW fraction.
Another possibility, endorsed by mooring time-series of salinity and current velocity, is
intermittent AAIW export trough the interaction of this water stratum with underlying
Meddies that move through the Canary Basin.
The observations here reported support that AAIW reaches its northernmost positions
off northwest Africa during fall as part of a remotely-forced intermediate-depth eastern
boundary current, and disappears during winter simultaneously with a sharp southward
intrusion of MW. This is consistent with seasonal circulation patterns observed near the
Canary Islands region (Knoll et al. 2002; Herna´ndez-Guerra et al. 2003; Mach´ın et al.
2006).
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Table 1. Hydrographic cruises used to examine spreading of AAIW along the African
continental slope. A16B, C and D are named following the WOCE notation.
Cruise Dates Description
F91(A16B) 10-22 September 1991 Radials
W92 (A16C) 15-17 January 1992 Along shore
F92 (A16D) 16-21 September 1992 Radials
F95 (Hesperides 95) 5-10 October 1995 Along shore
F97 (Hespe´rides 97) 27 September - 1 October 1997 Along shore
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1 (Top) Salinity distribution superimposed over the dissolved oxygen field,
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cnal σθ = 27.5 is superimposed as a grey-dashed line. The star and cross
respectively indicate the fall AAIW conditions at 28.5 and 32◦N (Mach´ın
et al. 2006). 47
9 AAIW contribution to observations in the normal-to-shore F91 (upper) and
F92 (lower) radials. Legend as in Figure 7. 48
10 Along-slope AAIW contribution as a function of neutral density, γn, and
latitude. As a reference, in all panels we draw the 32◦N latitude as a vertical
solid line. Isolines indicate the contribution of MW to observations in the
region. 49
11 Spatial distribution of changes in the depth of the γn = 27.3 isoneutral (in
meters, over three-month periods). Regions with negative values (dashed
isolines) correspond to AAIW-column stretching. 50
12 Schematics of the main model elements. 51
13 Distribution of the dianeutral mixing term in equation (6) for α = 1, with
seasonal wind stresses as obtained from the SOC climatological data base.
Selected isohalines are indicated in gray (35.0, 35.2, 35.4). 52
14 Distribution of the seasonal shrinking-stretching term in equation (6) eval-
uated on γn = 27.3. Selected isohalines are indicated in gray (35.0, 35.2,
35.4). 53
15 Distribution of the seasonal isopycnal-sloping term in equation (6) evalu-
ated on γn = 27.3, with a constant northward velocity v = 0.01 m s
−1.
Selected isohalines are indicated in gray (35.0, 35.2, 35.4). 54
16 Seasonal shrinking-stretching term evaluated on γn = 27.3, integrated from
the African coast either till 23.5◦W, except for the fall value which is inte-
grated only till 19.5◦W (see text for explanations). 55
17 Relative contribution of pure AAIW (xAAIW , colored) and Turner angle
(Tu, contoured) during the F91 (upper panels) and F92 (lower panels)
cruises, in transition depths from central to intermediate waters (see Fig-
ures 2 and 9 for reference). 56
18 Profiles of S (black), Tu (green), contribution of AAIW to observations
(xAAIW , red), and ∂xAAIW/∂z (blue), at stations 342 (left), and 340 (right)
of section F91-I (see Figures 2, 9 and 17 for reference). 57
19 (a) Salinity in ESTOC mooring at 800 m (black) and 1200 m (gray), from
September 1994 to May 1996. Climatological salinity is drawn (dashed
black and gray lines). (b) Velocity for the same depths and time period.
Note that the origin is displaced to 40 cm s−1 for the time series at 800 m
depth. (c) Salinity-depth profiles for eight hydrographic stations taken
within less than 5 nm of ESTOC station. The mean (thick black) and
one-standard deviation (dashed) profiles are shown. 58
20 Cartoon of AAIW’s spreading during F91, F92, W92, F95, and F97 cruises.
Depths shallower than 550 m are shaded in dark grey. Stations used in the
study are drawn in black. 59
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Fig. 1. (Top) Salinity distribution superimposed over the dissolved oxygen field, as a
function of neutral density. (Bottom) Neutral-density distribution superimposed over the
dissolved oxygen field, as a function of depth. The transect track for both sections is
shown in the inset map.
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Fig. 4. Seasonal salinity and dissolved-oxygen distributions on isoneutral surface γn =
27.0, from WOA01 database.
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Fig. 5. Seasonal salinity and dissolved-oxygen distributions on isoneutral surface γn =
27.5, from WOA01 database.
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Fig. 9. AAIW contribution to observations in the normal-to-shore F91 (upper) and F92
(lower) radials. Legend as in Figure 7.
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Fig. 12. Schematics of the main model elements.
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Fig. 13. Distribution of the dianeutral mixing term in equation (6) for α = 1, with sea-
sonal wind stresses as obtained from the SOC climatological data base. Selected isohalines
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Fig. 14. Distribution of the seasonal shrinking-stretching term in equation (6) evaluated
on γn = 27.3. Selected isohalines are indicated in gray (35.0, 35.2, 35.4).
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Fig. 17. Relative contribution of pure AAIW (xAAIW , colored) and Turner angle (Tu,
contoured) during the F91 (upper panels) and F92 (lower panels) cruises, in transition
depths from central to intermediate waters (see Figures 2 and 9 for reference).
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Fig. 18. Profiles of S (black), Tu (green), contribution of AAIW to observations (xAAIW ,
red), and ∂xAAIW/∂z (blue), at stations 342 (left), and 340 (right) of section F91-I (see
Figures 2, 9 and 17 for reference).
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Fig. 19. (a) Salinity in ESTOC mooring at 800 m (black) and 1200 m (gray), from
September 1994 to May 1996. Climatological salinity is drawn (dashed black and gray
lines). (b) Velocity for the same depths and time period. Note that the origin is displaced
to 40 cm s−1 for the time series at 800 m depth. (c) Salinity-depth profiles for eight
hydrographic stations taken within less than 5 nm of ESTOC station. The mean (thick
black) and one-standard deviation (dashed) profiles are shown.
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Fig. 20. Cartoon of AAIW’s spreading during F91, F92, W92, F95, and F97 cruises.
Depths shallower than 550 m are shaded in dark grey. Stations used in the study are
drawn in black.
